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Woody biomass torrefaction impregnated with room-temperature ionic liquids. 

► Biochar energy density in ionic-liquid torrefaction outperforms dry torrefaction. 

► Biomass ash leftovers catalyze ionic liquid degradation. 

► Ionic liquid torrefaction improves biochar hydrophobicity. 

► Ionic liquid torrefaction reduces biochar water uptake. 
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Torrefaction of woody biomass as a thermal pretreatment to increase biomass energy density is prerequi¬ 
site to many thermochemical conversions. An ionic-liquid (IL) biomass torrefaction route was proposed 
and investigated as an alternative to conventional dry and wet torrefaction for enhancing the rate of 
biomass torrefaction and for potentially improving the quality of torrefied solid products. Ionic liquid- 
impregnated aspen, birch and sawdust were torrefied in the 240-280 °C temperature range using [Emi- 
m][OTf], [Emim][BF 4 ] and [Hmim][NTf 2 ] ILs. To assess the benefits of IL impregnated biomass, dry and IL 
torrefaction were compared in terms of mass yield, energy density, energy yield, hydrophobicity and ulti¬ 
mate moisture uptake of torrefied solid products using thermogravimetry and fixed-bed setups. At equal 
reaction time and treatment temperature, the decomposition rates of birch, aspen and sawdust in ILs 
were considerably enhanced compared to their dry torrefaction counterparts. IL torrefaction led to 
increased energy density of treated aspen, birch and sawdust solids alike, whereas improved hydropho¬ 
bicity of IL-torrefied solids translated in nearly 40-45% reduction of their ultimate moisture uptake. 
Finally, char and ash leftovers building up in spent ILs after repeated IL torrefaction cycles were specif¬ 
ically addressed as potential factors responsible for IL decomposition. 

© 2012 Elsevier Ltd. All rights reserved. 


1. Introduction 

Biomass as a carbon-neutral renewable energy source is 
increasingly receiving attention for the essential role it is antici¬ 
pated to play in the world’s energy [1], However, raw biomass as 
a fuel features low calorific value and high oxygen-to-carbon ratio 
(O/C), and, being hygroscopic, high moisture besides producing 
smoke during combustion [2,3], Dry and wet torrefaction of bio¬ 
mass are the thermal pretreatments often used to attend for these 
limitations to improve biomass properties [3,4], Dry torrefaction 
consists of slowly heating biomass in an inert atmosphere 
from 200 °C to 300 °C [5]. Wet torrefaction is a hydrothermal 
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pretreatment wherein biomass is subjected to pressurized liquid 
water up to 5 MPa and 260 °C for ca. 60 min [6,7], Both processes 
yield hydrophobic solid products with lower moisture content 
and O/C ratio, and higher energy density than raw biomass making 
them suitable biofuels [6-10], Though at the expense of an ele¬ 
vated pressure, wet torrefaction produces solids with energy den¬ 
sity greater than dry torrefaction [6], To limit tar production and 
maximize energy for a given mass yield, dry biomass torrefaction 
requires capping temperatures below 300 °C. Also, depending on 
biomass particle sizes, the residence time required for dry torrefac¬ 
tion varies widely, typically from 10 min for finely ground biomass 
particles to several hours for coarser bits thus all in all reflecting in 
large variability in reactor sizes [11]. 

The initial stage in biomass torrefaction involves hemicellulose 
decomposition which occurs extensively around 250-260 °C [12], 
But unlike hemicellulose, lignin and cellulose barely decompose 
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below these temperatures contributing to a minor mass loss. The 
second stage in biomass torrefaction involves decomposition of 
cellulose which is less reactive than hemicellulose and rate-con¬ 
trolling below 300 °C [11], Water, CO and CO2 evolve subsequent 
to the breakdown of hydrogen bonds within or between cellulose 
molecules resulting in a change in cellulose super-molecular struc¬ 
ture shortening its length from 10 4 down to ca. 200 [13]. Increasing 
torrefaction temperature over 270 °C positively affects the rate of 
cellulose decomposition [12], 

Different classes of solvents such as mineral acids and ionic liq¬ 
uids have proved capable of disrupting the hydrogen bonds be¬ 
tween the different polysaccharide chains. Solvent exposure 
results in decreasing material compactness and in increasing sen¬ 
sitivity to hydrolysis of the carbohydrate fraction [14], Such fea¬ 
tures are good omen for testing solvents to host biomass 
torrefaction. Doping cellulose with mineral acids such as H 2 S0 4 , 
HC1 and HN0 3 is known to considerably increase the rate of cellu¬ 
lose decomposition and to lower the required decomposition tem¬ 
perature [15]. However, corrosiveness of most acids as well as their 
volatility, which leads to poisonous emanations [16] at elevated 
temperatures, make them unappealing for use in biomass torrefac¬ 
tion. Unlike mineral acids, room-temperature ionic liquids (ILs) 
feature very low vapor pressures, low flammability and high ther¬ 
mal stability [17,18], ILs are also good heat-transfer media which 
may be a desirable characteristics to enhance heat transfer around 
the solid biomass [19], Consequently, the potential of ionic liquids 
(ILs) to enhance the rate of biomass torrefaction and to improve 
the quality of torrefied solid products is worth investigating. 

Torrefaction of three woody biomass varieties impregnated 
with three imidazolium-cation based ILs, namely, [Emim][OTf]: 
l-ethyl-3-methyl imidazolium trifluoromethanesulfonate, [Emim] 
[BF 4 ]: 1-ethyl-3 methylimidazolium tetrafluoroborate and [Hmim] 
[NTf 2 ]: l-hexyl-3-methylimidazolium bis(trifluoro methylsulfo- 
nyl)imide is studied in this work. These ILs were screened on the 
basis of biomass dissolution studies at mild temperatures which re¬ 
vealed these ionic liquids exhibit weak interactions with biomass 
[20] in addition to superior thermal stability at the tested torrefac¬ 
tion temperatures (240-280 °C). Imidazolium halide-based ionic 
liquids, e.g., [Emim][Cl] or [Bmim][Cl], were not considered instead 
despite their featured superior biomass dissolving power. Too 
much stimulated biomass solubility by the high torrefaction tem¬ 
peratures was feared to do away with any residual biochar from 
recovery. Besides halide-bearing ILs showcase a low thermal sta¬ 
bility and toxicity preventing their consideration for the present 
biomass torrefaction experiments [20,21-23], [Emim][OTf] and 
[Emim][BF 4 ] are hydrophilic and their onset decomposition tem¬ 
perature exceeds 400 °C [24], They also have shown ability to dis¬ 
solve mono- and disaccharides such as glucose and sucrose [25] 
owing to hydrogen bond interactions via numerous carbohydrate 
hydroxyl groups [18], However, dissolution in these ionic liquids 
of polysaccharides, such as cellulose, is low at mild temperature 
(up to 110 °C) due to the presence of large non-coordinating anions 
and their relatively low hydrogen bond basicities [20], Unlike 
[Emim][OTf] and [Emim][BF 4 ], [Hmim][NTf 2 ] is hydrophobic 
with onset decomposition temperatures above 400 °C [26], 
[Hmim][NTf 2 ] has large anion and cation sizes which makes it a 
poor solvent for cellulose and lignin dissolution [20], 


2. Experimental 

2.1. Materials 

[Emim][OTf], [Emim][BF 4 ] and [Hmim][NTf 2 ] ionic liquids with 
99% purity were purchased from Io-li-tech. Acidity tests using 
aqueous 10vol.% [Emim][OTf] mixtures led to pH = 2.5 revealed 


Table 1 

Proximate analysis in mass% of sawdust, birch and aspen wood. 

Humidity Volatile Fixed carbon Ash 

(dry basis) (dry basis) (dry basis) 

Sawdust 5.3 79.6 16.1 4.3 

Birch 5.5 89.4 9.8 0.7 

Aspen 4.8 87.5 12 0.5 


the presence of acidic residual impurities in the Io-li-tech ionic 
liquid. Such acidic impurities may enhance hydrogen bond break¬ 
up in the cellulose structure. Hence to distinguish the effects of 
acidic impurities and ionic liquid itself on biomass torrefaction, 
[Emim][OTf] free from acidic impurities was also purchased from 
Sigma Aldrich with purity >98%. The Io-li-tech and Sigma ILs are 
designated as [Emim][OTf], and [Emim][OTf] s . 

Powdered samples of cellulose (Avicel®PH-101), xylan hemicel¬ 
lulose representative (X0502) and lignin (37059-lignin, alkali), 
purchased from Sigma Aldrich and three types of woody biomass 
(trembling aspen, birch and sawdust) were torrefied. The proxi¬ 
mate analysis of aspen, birch and sawdust is given in Table 1. 
The sawdust was in the form of biomass pellets supplied from Ener- 
kem (Quebec). This sample was a mixture of different woody bio¬ 
mass residues which is used for gasification purposes. All the 
samples were first grinded and then sieved to isolate the 1-2 mm 
particles of sizes. Each biomass type was impregnated with each 
of the three ionic liquids. Impregnation of biomass with ionic liquid 
was carried out under mixing at 60 °C to maximize ionic liquid 
absorption while preventing biomass dissolution [20], The biomass 
samples were weighted regularly to estimate the amount of ab¬ 
sorbed ionic liquid. Absorption was dependent on the type of bio¬ 
mass and ionic liquid but was maximum with [Emim][OTf]i iS . The 
mass ratio of absorbed ionic liquid to biomass was in the range 
1.5-2, 1.8-2.2 and 1.5-1.9 for birch, aspen and sawdust, respec¬ 
tively, whereas it was fixed to 2 for cellulose, xylan and lignin. 

2.2. Weight loss and volatiles via thermogravimetry and mass 
spectrometry analysis 

A thermogravimetric analyzer (TG) (Perkin Elmer Lab System 
Diamond TGA-DTA) coupled with a quadrupole mass spectrometer 
(MS) (Thermostar Prisma QMS200, Pfeiffer Vacuum) was used to 
monitor the weight loss and volatiles released, and the tempera¬ 
ture, Ts, at which biomass decomposition starts during 1L and dry 
torrefaction (Fig. SC-1, Supplementary Material). The samples first 
were dried in TG at 120 °C for 30 min and then submitted to pro¬ 
grade heating at 5 °C/min under N 2 flow (lOONmL/min) until 
280 °C where they were maintained for 60 min. The gases released 
from biomass decomposition were identified via MS. Special care 
was taken in choosing the sample containers to prevent corrosion 
by ionic liquids. Three different containers were tested, i.e., alumi¬ 
num, alumina and platinum. Although aluminum was neutral to 
[Hmim][NTf 2 ] and [Emim][OTf], a remarkable corrosion in the 
presence of [Emim][BF 4 ] was observed. Aluminum catalyzed the 
decomposition of BF 4 anions especially in the acidic media leading 
to the formation of fluoroaluminate complexes [27], The weight of 
aluminum container after contacting with [Emim][BF 4 ] was lower 
than originally unveiling the corrosive nature of [Emim][BF 4 ]. No 
change in the weight of alumina and platinum containers were ob¬ 
served in the presence of all three tested ionic liquids. Also, preli¬ 
minary ionic liquid high-temperature degradation tests performed 
in both containers showed unchanged IL degradation rates. Conse¬ 
quently, alumina and platinum containers had no interaction with 
the tested ILs. Alumina pans owing to a higher capacity were cho¬ 
sen for the experiments. 
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2.3. Fixed-bed torrefaction setup 

As the amount of residual solid products recovered following TG 
analyses was too low for further quantifications, a fixed-bed torre¬ 
faction reactor was designed to obtain sufficient torrefied materials 
for complementary investigations on solid products. Furthermore, 
TG analysis revealed a more remarkable effect of [Emim][OTf] on 
the decomposition rate and T s for birch, aspen and sawdust woods. 
Only this latter ionic liquid was tested for the fixed-bed reactor 
tests. The bench scale torrefaction unit (Fig. 1 ) consisted of a stain¬ 
less steel (SS) tube (ID. 34 mm, length 70 cm) placed inside an 
induction coil. A biomass sample 0.6 g in mass either impregnated 
with ionic liquid or not (dry torrefaction) was held atop of a steel 
grid located in the middle of the stainless steel tube to act as a sup¬ 
port for the biomass bed. The reactor was heated through a 15 cm 
long coil connected to a 18 kW induction power supply for heating 
the stainless steel tube via AC magnetic field then heating in turn 
the biomass layer through radiation and conduction. The biomass 
bed temperature was raised from the ambient to the target tem¬ 
perature (240-280 °C) in less than 10 s and then the samples were 
kept at final temperature for specified time duration (10-60 min). 
The SS tube temperature was controlled by a fiber optic pyrometer 
connected to a temperature controller to meter the induction-hea¬ 
ter power. Temperature was also measured through a K type ther¬ 
mocouple inserted in the center of the biomass bed. The difference 
between the bed temperature and SS tube surface at steady state 
condition never exceeded 5 °C. In order to keep the reactor envi¬ 
ronment inert and remove the volatiles from the reactor to the cold 
trap, a continuous flow (lOOmL/min) of N 2 passed through the 
bed. The cold trap consisted of a tube inserted inside a bigger 
one filled with a 70 mass% ethylene glycol aqueous solution. This 
was then placed inside a container full of liquid N 2 . The freezing 
point of this aqueous ethylene glycol solution allowed a minimal 
interior temperature of -55 °C to be reached. This temperature 
was low enough to ensure maximum separation of condensable 
gases while sparing CO, C0 2 and methane which were transferred 
to a gas bag until the completion of the test. 


2.4. Characterization of solids 

The torrefied biomass was removed from the steel grid, placed 
on a filter paper and washed for 30 min with approximately 
200 mL of distilled water using vacuum filtration. The recovered 
solid was dried in an oven at 110 °C for 12 h and then weighted 
to assess the total mass loss. The water and ionic liquid filtrate 
was once again filtered using syringe filters to remove the smaller 
solid impurities. The clear solution was subsequently transferred 
into a flask wherefrom water was evaporated under vacuum in a 
rotating evaporator with a 120 °C Calflo AF bath. The ionic liquid 
leftover was then weighted. 

Solid products from torrefaction were further analyzed to inves¬ 
tigate their properties after thermal treatment. The C, H, N, S sam¬ 
ple contents were measured using a Fisons EA 1108CHNS 
elemental analyzer. All measurements were duplicated and their 
average was reported. The higher heating value (HHV) of the sam¬ 
ples before and after torrefaction was inferred using Friedl et al. 
equation [28] based on carbon, hydrogen and nitrogen content of 
biomass. This equation is considered enough robust for such esti¬ 
mations as it was derived on the basis of 122 biomass samples with 
less than 2 wt.% error [29,30]: 

HHV (kj/kg) = 3.55 ■ C 2 - 232 ■ C - 2230 • H + 51.2 • C • H + 131 
■ N + 20,600 

where C, H and N represent carbon, hydrogen, and nitrogen mass%, 
respectively. 

The effect of torrefaction treatments was evaluated in terms of 
hydrophobicity, ultimate moisture uptake, U M u. i.e., percent mass 
water uptake on a dry biomass basis), and contact angle measure¬ 
ments. The ultimate moisture uptakes, lf M u. of raw and torrefied 
biomass samples were obtained by putting 300 mg of the samples 
in a vapor-saturated bath controlled at 30 °C. To eliminate pre¬ 
existing moisture before U mj measurements, all the samples were 
dried overnight at 110 °C. They then were placed in a bath for 
4 days and their weight gain was measured after all the samples 



Fig. 1. Schematics of fixed-bed 


■ setup used for biomass torrefaction. 
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reached equilibrium. The water contact angles of raw and torrefied 
biomass were also measured using an optical contact angle ana¬ 
lyzer (OCA 15 EC Plus, Dataphysics) using the sessile drop method. 
The system employed a high-resolution camera and specific soft¬ 
ware developed for OCA 15 EC Plus to capture and analyze the con¬ 
tact angle on very small and curved surfaces. 

3. Results and discussion 

3.1. IL and dry torrefaction, TG-MS studies 

1L and dry torrefaction of cellulose, hemicellulose and lignin 
individual components could shed insights on the mechanisms 
contributing to biomass torrefaction as these make up, respec¬ 
tively, 55-60 wt.%, 20-25 wt.% and 15-20wt.% of the biomass 
samples [31,32], Moreover, pyrolysis kinetic studies have shown 
that the rate of biomass decomposition stems from parallel ther¬ 
mal decomposition of each model component [33], Dry and IL tor- 
refaction of cellulose, hemicellulose and lignin model compounds 
were performed in TG-MS to determine both T s and weight loss 
profiles. A 2:1 IL-to-model component ratio was used in the latter 
torrefaction tests. The samples were dried in TG at 120 °C for 
30 min before their prograde heating at 5 °C/min under 
100 N mL/min N 2 flow until 280 °C where they were kept for 1 h. 

3.1.1. Torrefaction of model compounds 

Cellulose thermal decomposition for both IL and dry torrefac¬ 
tion is shown in Fig. 2. Torrefaction of cellulose in [Emim][OTf] s 
and [Emim][OTf]i led to T s of 190 and 220 °C, respectively, while 
T s for dry torrefaction was much higher at 260 °C. The rate of ther¬ 
mal decomposition of cellulose was also markedly increased in 
[Emim][OTf|| and [Emim][BF 4 ]. The time required for dry torrefac¬ 
tion of cellulose to reach 70% of solid product yield was 22 min. 
Under the applied heating program, this time was reduced to 8 
and 10 min, respectively, for cellulose torrefied in [Emim][BF 4 ] 
and [Emim][OTf]i. Cellulose torrefaction in [Emim][OTf] s featured 


a slower decomposition step leading to 28% mass loss and followed 
by a faster step contributing an additional 51%. Cellulose torrefac¬ 
tion in [Hmim][NTf 2 ], in comparison with dry torrefaction barely 
altered both the decomposition rate and T s . Such indifference can 
be attributed to [Hmim][NTf 2 ] bulkier anions and cations resulting 
in less efficient interactions with cellulose as compared to 
[Emim][BF 4 ] and [Emim][OTf], 

Acceleration of cellulose torrefaction in [Emim][OTf]| S and 
[Emim][BF 4 ] was also corroborated via MS monitoring of C0 2 and 
H 2 0 release accompanying mass losses. Fig. 3 shows the evolution 
of C0 2 during IL and dry torrefaction of cellulose. Pure ionic liquids 
subjected to the same TG heating program released almost no C0 2 . 
Consequently, the detected C0 2 was plausibly arising from thermal 
decomposition of cellulose and not from ionic liquids. As observed, 
C0 2 was released at temperatures as low as 150 °C for cellulose 
torrefied in [Emim][OTf] s . In both cases of [Emim][OTf]! and 
[Emim][BF 4 ], C0 2 release started near 200-210 °C while the onset 
of C0 2 release for dry torrefaction of cellulose occurred at 260 °C. 
The rates of C0 2 release from cellulose in [Emim][OTf]i iS and 
[Emim][BF 4 ] were rather sharp featuring more intense ion current 
peaks than for cellulose torrefied in [Hmim][NTf 2 ] or in the dry 
mode. Ion currents corresponding to water released from cellulose 
also featured the same trend as C0 2 , Fig. 4. Torrefaction of cellulose 
in [Emim][OTf]s,i and [Emim][BF 4 ] drastically increased the 
amount of water released from cellulose. Water release also started 
at lower temperatures under [Emim][OTf] s ,i and [Emim][BF 4 ] cellu¬ 
lose torrefaction and unlike dry torrefaction. 

To investigate how ionic liquids pre-exposed to elevated tem¬ 
peratures affect cellulose decomposition activity, [Emim][OTf] s 
was heated at 280 °C for 48 h before it was impregnated on cellu¬ 
lose. The heat-treated ionic liquid is referred to [Emim][OTf] S T and 
its effect on cellulose decomposition is shown in Fig. 2. As seen, the 
rate of cellulose decomposition impregnated with [Emim][OTf] S T is 
as high as cellulose torrefied by [Emim][OTf], and [Emim][BF 4 ] 
while T s has shifted slowly toward higher temperatures. Heat 
treatment of [Emim][OTf] s caused its properties look like 
[Emim][OTf]j for cellulose decomposition. 
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Fig. 5 shows xylan decomposition in dry and ionic-liquid torre- 
faction treatments. Xylan torrefaction in [Emim][OTf] s started at 
lower temperatures in comparison with the other ionic liquids or 
dry with dry torrefaction. However the rate of xylan decomposition 


did not change remarkably using the different ionic liquids. Ionic 
liquid torrefaction of xylan also led to more final decomposition 
than dry torrefaction, Fig. 5. In contrast with cellulose and xylan, 
ionic-liquid torrefaction of lignin had considerably lower effect 
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on its T s , Fig. 6. The decomposition rate of lignin torrefied by ionic 
liquids also did not change significantly compared to dry torrefac- 
tion lignin. The small increase in the final decomposition of lignin 
is due to its torrefaction by [Emim][OTf]i iS ,sT and [Emim][BF4], 


3.1.2. Torrefaction of woody biomass 

1L and dry torrefaction of aspen, birch and sawdust was per¬ 
formed in TG-MS to obtain both T s and weight loss profiles. 
Decomposition of aspen, birch and sawdust during IL torrefaction 
differs in trends from dry torrefied in accordance with the behav¬ 
iors noted above for their constitutive model components. IL and 
dry torrefaction of aspen is shown in Fig. 7 featuring an important 
decrease in T s in presence of [Emim][OTf] SI . Decomposition of 
[Emim][OTf] s ,r-torrefied aspen started as low as 160 °C contrasting 
with T s ~ 200 °C of dry torrefaction. The rate of aspen decomposi¬ 
tion was also quite higher for [Emim][OTf] S j- and [Emim][BF 4 ]- 
torrefied aspen compared to aspen dry torrefaction. [Emim][OTf]i 
torrefaction outperformed that of [Emim][OTf] s whereby the in¬ 
creased rate of aspen decomposition must have been due to the 
[Emim][OTf]i acidic impurities. Regardless of which IL is used, as¬ 
pen torrefaction led to higher weight losses compared to dry torre¬ 
faction for the same contact times. The maximum aspen 
decomposition occurred with [Emim][OTf] s . Birch wood behaved 
nearly the same way as shown in Fig. 8. Furthermore, T s for IL tor- 
refaction of birch wood was lower than in dry torrefaction while 
birch wood decomposition rates were the slowest with 
[Hmim][NTf 2 ]. Fig. 9 compares the sawdust mass losses for IL 
and dry torrefaction. Contrary to dry torrefaction, higher decompo¬ 
sition rates as well as deeper weight losses are observed for saw¬ 
dust torrefied in [Emim][OTf] IS and [Emim][BF 4 ]. Also, T s for 
[Emim][OTf]s,i and [Emim][BF 4 ] torrefied sawdust was also lower 
compared to dry torrefaction of sawdust. 

As can be seen in Figs. 7-9, the rate of decomposition of aspen, 
birch and sawdust could be considerably affected by the sample 
impregnation with ionic liquids. These latter could effectively 


disrupt the extensive intra- and inter-molecular hydrogen bonding 
network in cellulose as well as intermolecular hydrogen bonding 
between cellulose and lignin leading to a higher decomposition 
rate of the tested biomass samples [16-18], The interaction of ionic 
liquids with lignocellulosic biomass involves hydrogen bonding 
interactions between ionic liquid and biomass. Consequently, ionic 
liquids whose anions and cations have strong hydrogen bond 
accepting ability are more efficient in disrupting cellulose structure 
[17,18,20], As can also be observed in Figs. 7-9, impregnated as¬ 
pen, birch and sawdust by [Emim][OTf], [Emim][BF4] showcase 
considerably higher decomposition rates than [Hmim][NTf2]- 
impregnated samples. The cation size of [Hmim][NTf2] is larger 
than in [Emim][OTf] and [Emim][BF4]. Large cation size of 
[FImim][NTf2] reduces its power for disrupting the celluose struc¬ 
ture due to lesser ability of large cations to form hydrogen bonds 
with cellulose [16-18], Relatively small cations are often efficient 
in disrupting hydrogen bonds of cellulose, and when the alkyl 
chain length in the cation increases, as for [Hmim][NTf2], the abil¬ 
ity of ionic liquid to interact with lignocellulosic materials is 
decreasing [20], However, additional experimental and theoretical 
studies are still needed to fully explain the effect of the nature of 
specific anions and cations on the torrefaction of biomass. 


3.2. IL and dry biomass torrefaction, fixed-bed studies 

The previous TG tests showed that the activity of [Emim][OTf|- 
mediated TG torrefaction of aspen, birch and sawdust outper¬ 
formed that from [Emim][BF 4 ] and [Hmim][NTf 2 ]. Also the 
presence of acidic impurities in [Emim][OTf]i were sensed to have 
some effects on the rate of decomposition of biomass. Conse¬ 
quently, [Emim][OTf] s which is less prone to active impurities is 
chosen for the fixed-bed IL torrefaction of aspen, birch and saw¬ 
dust. IL and dry torrefaction of aspen, birch and sawdust were per¬ 
formed at temperatures between 240 and 280 °C for contact times 
ranging from 10 to 60 min. The solid biomass products obtained 
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after dry and IL torrefaction of woody biomass were characterized 
in terms of mass yield (Y M = mass% solid product/mass feed), 
energy density (e = HHV solid product/HHV feed), energy yield 
(Ye = e-Y M ), ultimate moisture uptake (U MU ) and hydrophobicity. 

Torrefaction of [Emim][OTf] s -impregnated aspen, birch and 
sawdust led to brownish solids (Fig. SC-2, Supplementary 
Material). The torrefied solid products after [Emim][OTf] s and dry 


torrefaction of aspen, birch and sawdust are compared in Fig. 10 
in terms of their mass yields, Y M , at different temperatures and 
contact times. For any given biomass sample, IL-torrefied solids ex¬ 
hibit lower Y m , in the 58-72% of initial weight, in comparison to 
those obtained in dry torrefaction, 74-84% of initial weight, every¬ 
thing else being kept constant. Also, irrespective of the type of tor- 
refaction, a lower mass yield of aspen, birch and sawdust was 
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scored as contact time and temperature increased from 30 to 
60 min and 240-280 °C, respectively. These results are consistent 
with the increased decomposition rates of [Emim][OTf] s -impreg- 
nated aspen, sawdust and birch as unveiled from above TG analy¬ 
sis. It can be inferred that IL-torrefaction of biomass may reduce to 


a large extent the residence time required to reach a certain bio¬ 
mass mass yield during torrefaction. 

Results of elemental analysis of aspen, birch and sawdust before 
and after torrefaction are summarized in Table 2. Dry and 
[Emim][OTf] s torrefaction of aspen, birch and sawdust led to an 
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increase in C/O ratio translating in an increase in energy density 
subsequent to biomass torrefaction. As shown in Fig. 11. the energy 
density, e, of aspen, birch and sawdust in all torrefied samples cor¬ 
responding to Fig. 10 conditions exceeds 1.0 for both 1L and dry tor- 
refaction of biomass. The higher energy density of torrefied 
biomass as compared to raw aspen, birch and sawdust would 
vouch for lower shipping costs and superior performance of coal 
co-fired power plants [34], The energy density of [Emim][OTf] s - 
torrefied biomass was increased in the range 5-22% outperforming 
the e values corresponding to dry torrefaction which were limited 
between 3% and 9%. 

Almost 90% of the non-condensable gases collected in the gas 
bag after cold trap were mostly composed of C0 2 for both 
[Emim][OTf]s and dry torrefaction of aspen, birch and sawdust 
while CO (7-8)% and methane (2-3)% were the other main 


constituents. In accordance with the ion current signals detected 
via MS, release of C0 2 and water during torrefaction could explain 
the increase in biomass C/O ratio and consequently leveraging of 
the heating value of the torrefied biomass samples, Table 2. 

The energy yield, Y e , of biomass torrefied with [Emim][OTf] s 
was below its dry torrefaction counterpart, everything else being 
kept constant. Fig. 12 compares the energy yield of IL torrefied 
aspen, birch and sawdust with dry torrefaction. This latter led to 
1-25% higher energy yields than [Emim][OTf] s -torrefied biomass. 
These results can be explained by the fast decomposition of aspen, 
birch and sawdust cellulose during [Emim][OTf] s torrefaction 
which may released tar compounds that contributed to a reduction 
of Y e of IL torrefied biomass. 

To assess hydrophobicity in the torrefied products, U M u of solid 
products of [Emim][OTf] s and dry torrefaction of aspen, birch and 


Table 2 

Ultimate analysis, mass yield (dry basis) and high heating value of raw, and dry and ionic liquid ([Emim][OTf] s ) torrefied aspen, birch and sawdust at different residence time and 
temperatures. 


C (mass*) 48.5 

H (mass*) 6.9 

0 (mass*) 44.4 

N (mass*) 0.02 

Mass yield (*) 

C/O 1.19 

HHV (kj/kg) 19,400 


C (mass*) 48.4 

H (mass*) 6.9 

O (mass*) 44.2 

N (mass*) 0.06 

Mass yield (*) 

C/O 1.10 

HHV (kj/kg) 19,400 

Sawdust 

C (mass*) 48.9 

H (mass*) 6.4 

O (mass*) 42.7 

N (mass*) 0.06 

Mass yield (*) 

C/O 1.15 

HHV (kj/kg) 19,500 


50.2 51.5 

6.6 6.0 

43.2 42.1 

0.03 0.45 

79.2 70.2 

1.16 1.22 

20,100 20,600 


49.7 51.6 

6.6 5.8 

43.6 41.8 

0.09 0.42 

79.2 72.5 

1.14 1.24 

19,900 20,600 


51.7 51.5 

6.2 6.0 

42.0 42.1 

0.19 0.47 

84.2 71.2 

1.23 1.22 

20,700 20,500 


50.5 51.8 

6.3 6.3 

43.1 41.6 

0.07 0.36 

75.5 66.7 

1.17 1.25 

20,200 20,800 


50.9 51.6 

6.4 6.4 

42.6 41.6 

0.08 0.40 

74.2 67.2 

1.19 1.24 

20,400 20,800 


53.3 53.5 

5.8 4.8 

40.7 41.0 

0.18 0.69 

81.7 68.3 

1.31 1.30 

21,300 20,900 


51.8 51.5 

6.3 5.9 

42.0 42.1 

0 0.33 

77 58.3 

1.23 1.22 

20,700 20,500 


51.0 54.7 

6.3 5.0 

42.7 39.8 

0.06 0.44 

75.2 63.0 

1.19 1.38 

20,400 21,500 


52.0 58.3 

5.8 5.5 

42.1 35.4 

0.05 0.77 

78.0 67.2 

1.23 1.64 

20,700 23,700 
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biomass deterioration during storage and to maintain lower trans¬ 
portation fees, U M u has to be kept as low as possible [7], As seen in 
Table 3, Umu of solid products after [Emim][OTf] s and dry torrefac- 
tion of aspen, birch and sawdust were considerably lower than 
their U M u before torrefaction. Moisture uptake occurs through 
hydrogen bond with the hydroxyl groups of the lignocellulosic cell 
wall components [7], However, these hydroxyl groups by breaking 
during torrefaction yield more hydrophobic solids [7], 1L torrefac¬ 
tion led to 40-45% reduction in U MU as compared to raw aspen, 


birch and sawdust. However, in most experiments, dry torrefaction 
led to solid products with U M u lower than [Emim][OTf] s torrefac¬ 
tion. Increasing temperature of biomass torrefaction from 240 to 
280 °C improved hydrophobicity of aspen, birch and sawdust solid 
products. Such increase in hydrophobicity of aspen, birch and saw¬ 
dust after IL torrefaction was also confirmed from contact angle 
measurements. The contact angle for raw aspen, birch and sawdust 
were 83.3°, 82.2° and 75.25°, respectively. Correspondingly, con¬ 
tact angle of [Emim][OTf] s -torrefied aspen, birch and sawdust at 
280 °C increased to 92.85°, 92.75° and 90.65°. 
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Table 4 

Decomposition rate (mass%/h) of different ionic liquids tested in this study at 
different operating conditions. 

[Emim][BF 4 ] [Hmim][NTf 2 ] [Emim][OTf] s [Emim][OTf], 
As-received IL 0.93 0.63 0.37 0.47 

IL + 2 wt.% ash 1.41 1.15 0.51 0.79 

IL + 2 wt.% ash + 1.52 1.2 0.49 0.83 

2 wt.% char 


3.3. IL thermal stability under torrefaction conditions 

Investigating the contributory factors for long-term stability of 
ionic liquids as implemented for biomass torrefaction is important 
to check. Although the onset decomposition temperature of 
[Emim][BF 4 ] [24], [Emim][OTf] [24] and [Hmim][NTf 2 ] [26] as ob¬ 
tained from fast TG scanning is in excess of 400 °C, other investiga¬ 
tions have also revealed that decomposition of ILs may take place 
even at lower temperatures should they be employed over long¬ 
term periods [35], Furthermore, production of some reactive gases 
during biomass thermal treatment as well as dissolution of bio¬ 
mass minerals may represent as many factors to catalyze ionic li¬ 
quid decomposition [35], Although imidazolium-based ionic 
liquids start to degrade, to some extent, at lower temperatures 
than those concluded from thermogravimetric analysis [36], 
long-term thermal stability of ionic liquid has been also studied 
via TG by several groups [35,37], 

In this study, long term stability of ionic liquids is tested at 
280 °C using coupled TG-MS analysis. IL samples were dried in 
TG at 120 °C for 30 min and then submitted to prograde heating 
at 5 °C/min until 280 °C. The samples were maintained overnight 
at this temperature to study their decomposition rate. The decom¬ 
position rate of as-received [Emim][OTf], [Emim][BF 4 ] and 
[Hmim][NTf 2 ] in a non-reactive gas environment (N 2 ) is shown in 
the first entry of Table 4. Fig. 13 also shows the TG trend of decom¬ 
position of the mentioned ionic liquids. These data unveil some 
degradation at low temperature in accordance with the long-term 
thermal stability studies below 400 °C. The decomposition rates of 


tested ILs follow the order: [Emim][BF 4 ] > [Hmim][NTf 2 ] > 
[Emim][OTf], [Emim][OTf] from Sigma Aldrich had lower decom¬ 
position rate than that from ioli-tech as the acidic impurities pres¬ 
ent in the latter could prompt faster Emim cation decompositions 
[35], 

Thermal pretreatment of biomass at 280 °C leads to the release 
of volatile and non-volatile gases such as organic acids, steam, C0 2 , 
CO, CH 4 and a small amount of hydrogen [38], To investigate the 
sensitivity of IL decomposition to the presence of gases evolving 
during biomass thermal treatment, the non-reactive N 2 environ¬ 
ment in the TG chamber was replaced by binary mixtures of 
10%/90% C0 2 /N 2 , CO/N 2 , CH 4 /N 2i H 2 0/N 2 and steam/N 2 . Although 
the decomposition rate of imidazolium based ionic liquids is re¬ 
ported to increase in the presence of air [35], our results showed 
no extensive changes in IL decomposition in response to changes 
in gas environments. 

The effect of dissolution of minerals coexisting with biomass on 
the decomposition rate of the tested ionic liquids was also studied. 
Woody biomass contains some amounts of Si, Ca, K, Mg, P, Fe and 
A1 [39] prone to dissolution in ILs during torrefaction. Dissolution 
of Fe, Au, Ag, Cu, Na and IC, Mg and Ca in imidazolium-based ILs 
is known [40-42], Mineral dissolution in ILs can be enhanced by 
elevated temperatures as in thermal treatment of biomass [40], 
To investigate these effects on IL decomposition, ash was first pro¬ 
duced after sawdust pyrolysis in the fixed bed at 800 °C and N 2 
environment and then burning the residual carbon for 4 h at 
800 °C. Addition of 2 wt.% of ash to ionic liquid affected consider¬ 
ably its decomposition rate. The decomposition rate of the tested 
ILs (Table 4) increased by up to 100% and confirms the prejudice 
of minerals due to ash leftover. It is consistent with the reported 
boost on decomposition rate of l-alkyl-3-methylimidazolium 
triflates by amorphous and quartz silica [35], BF 4 anions by calcium 
[27] and imidazolium ILs containing inorganic fluoride anions 
such as PF 6 and BF 4 by aluminum [22], Switching in the presence 
of ash the N 2 environment to gaseous mixtures to reflect the 
torrefaction evolving gases, i.e., 10%/90% C0 2 /N 2 , CO/N 2 , CH 4 /N 2 , 
H 2 0/N 2 and steam/N 2 , had no boosting or neutralizing effect on 
IL decomposition. 



Fig. 13. TG profile of [Emim][OTf]S, [Emim][OTf]I, [Hmim][NTf2] and [Emim][BF4] heated from 120 "CI 


nth 5 °C/mir 


280 °C for 12 h. 
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Contacting between IL, solid biochar and ash on IL decomposi¬ 
tion rate was also studied. Biochar was mixed with ash and IL in 
the proportions 2 wt.%/2 wt.%/96 wt.%, respectively. Special care 
was paid for char generation since contacting between IL and char 
may lead to the production of some volatiles from char itself. Con¬ 
sequently, char was generated by overnight pyrolysis of sawdust in 
TG at 950 °C and under N 2 environment after heating the biomass 
with the maximum rate achievable by TG (200 °C/min) to extract 
the maximum volatiles from the sawdust. Addition of 2 wt.% of 
char to the mixtures of ionic liquid and ash led to small increase 
in the decomposition rates of [Emim][BF 4 ], [Hmim][NTf 2 ] and 
[Emim][OTf]i while it had no effect in case of [Emim][OTf]s, see Ta¬ 
ble 4. As previously, switching from N 2 to mixtures of 10%/90% of 
C0 2 /N 2 , C0/N 2 , CH 4 /N 2 , H 2 0/N 2 and steam/N 2 , in the presence of 
ash and char at 280 °C had no incremental effect due to gas on 
the decomposition rate of tested ionic liquids. 

4. Conclusion 

Torrefaction of cellulose, hemicellulose and lignin, and three 
different woody biomass varieties, namely, aspen, birch and saw¬ 
dust impregnated with different ionic liquids, namely, 
[Emim][BF 4 ], [Emim][OTf] and [Hmim][NTf 2 ] was studied. The 
thermal decomposition rate of cellulose was found to increase con¬ 
siderably due to [Emim][OTf] and [Emim][BF 4 ], However, thermal 
decomposition of IL-torrefied xylan and lignin was comparable 
with dry torrefaction. For constant contact time and temperature, 
the decomposition rates of IL-impregnated birch, aspen and saw¬ 
dust increased considerably compared to dry torrefaction. The effi¬ 
ciency of IL and dry torrefaction of aspen, birch and sawdust was 
compared in terms of mass yield, energy density, energy yield, 
hydrophobicity and ultimate moisture uptake of solid products. 
The energy density IL-torrefied biomass exceeded that of dry torre¬ 
faction. Conversely, plausibly ascribed to the release of heavy tars 
due to fast cellulose decomposition, the energy yield of IL-torrefied 
biomass was lower than dry torrefaction. Improvement in hydro¬ 
phobicity of solid products from both IL and dry torrefaction was 
observed. This improvement led to nearly 40-45% reduction in 
ultimate moisture uptake of IL and dry torrefaction of aspen, birch 
and sawdust. Dissolution of minerals pre-existing in biomass have 
been shown to be detrimental in terms of prolonged exposures of 
ionic liquids and their possible degradation in the long run. 
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